In recent years low-temperature atmospheric-pressure microplasmas have received growing attention for their potential use in many technological applications including displays, radiation sources, analytical systems, millimetre/microwave devices, material processing and biomedical applications. 1, 2, 3, 4 The reduced dimension of microplasmas favour stable operation at high pressure and enable the integration of microplasmas in portable devices.
Besides the obvious difference in terms of size, the discharge dynamics in microplasmas differ from conventional low-pressure large-scale reactors. In microplasmas, sheaths can become comparable to the source size, 5, 6 enabling interesting possibilities such as electrode/sample bombardment by energetic electrons and enhancement of the high energy tail of the electron energy distribution function. 6 These observations have been made for electropositive discharges. Microplasma applications, however, may also demand operation in electronegative environments. For example, in the fast growing field of plasma medicine, 7, 8 oxygen, an electronegative gas, is often introduced as a source of reactive oxygen species (ROS). Water, another electronegative precursor, is also likely to be present in many biomedical applications because the devices are typically operated in open (humid) air and the plasma is in contact with moist biological targets.
In this letter, we report on the plasma dynamics observed in atmospheric-pressure rf microdischarges operated in electronegative gases and the fluxes of the chemically reactive species. Although all the figures shown correspond to He+H 2 O plasmas, we have observed the same qualitatively dynamics in He+O 2 , and similar behaviour is expected in other electronegative gases.
All the results presented here have been obtained using a conventional 1-dimensional fluid model that solves the continuity equation for each plasma species (31 species and 80 reactions 9 ), the electron energy equation and Poisson's equation. 10 The chemistry model includes reactions of a pure helium discharge plus those listed in the simplified models S1 and S2 in ref. 9 . Due to the large collisionality of the plasma (ν>>ω rf where ν is the electron-neutral collision frequency and ω rf the angular driving frequency), the charged particle inertia is neglected and the drift-diffusion approximation is used to determine their mean velocity. This model has been shown to be able to capture the main characteristics of atmospheric-pressure electropositive rf microdischarges sustained between two parallel plate electrodes 11 and is now used here to study electronegative discharges. For comparison purposes, the rf (13.56MHz) input power is kept constant at 1W/cm 2 for all the discharges. (electropositive) discharge. The oscillating motion of the electron ensemble during an rf cycle can be inferred by the location of the quasineutral region. As the gap size is reduced, the size of the quasineutral plasma decreases and the sheath width becomes comparable to the discharge gap. As a result, the quasineutral region (bulk plasma) starts to oscillate between the two electrodes, similarly to the observations reported elsewhere. 5, 6 The introduction of H 2 O into the feed gas (rows 2 to 4 in Fig. 1 ) results in the formation of negative ions, primarily OHand its hydrated clusters OH -(H 2 O) n , leading to an increasing electronegativity of the discharge. 12, 13 In conventional large-scale plasmas, this results in the stratification of electrons and anions due to their different mass and temperature, appearance of double layers (not shown explicitly here) and shrinkage of the sheaths [compare Fig. 1 (c) and Fig. 1(l) ]. 14, 15, 16, 17 While in large (>1mm) discharges the stratification of electrons and anions does not result in a complete separation of the two species, in microplasmas where the sheath width becomes comparable to the gap size, electrons and anions are separated [ Fig. 1(d) , 1(g) and 1(j)]. Anions remain confined to the center of the discharge as their large inertia prevents them from responding significantly to the applied rf electric field. Their small oscillation can be observed in Fig. 1(d The main ionization pathway to sustain the discharge changes with gap size and water concentration.
For large gaps (1mm), the main ionization mechanism shifts from helium and helium dimer metastable pooling reactions in a pure He discharge, to Penning ionization of water molecules at water concentrations of 100-1000ppm, and to detachment and direct ionization of water molecules at even higher water content. This shift results in the different electron generation spatio-temporal profiles shown in columns 2 and 3 of Fig. 2 . As the gap size reduces, however, microplasmas shift to operate in a diffuse -mode where electron avalanches in the sheath become the main electron generation mechanism that sustain the discharge. 6, 11 This can be observed in Fig. 2 , where for the 500µm discharge electron generation is mostly confined inside the sheaths as a result of direct electron impact ionization of helium and water (if present). These avalanches are initiated by electron emission from the electrodes, Penning processes in the sheaths, 11, 18 and, at high water content, also as a result of electron detachment from anions in the sheaths.
While plasma dynamics are interesting from a scientific point of view, particle fluxes drive the interest of microplasmas for most applications. Here we show that microdischarges offer not only interesting dynamics but also a route to efficient delivery of both neutral and charged species. He+H 2 O plasmas are known to produce valuable ROS 9, 19 such as OH and H 2 O 2 that are of interest for biomedical and remediation applications. Typically, the flux of these species to the electrodes increase as the gap is reduced [ Fig. 3(a) and 3(b) ], a tendency that is attributed to the higher concentration generated in the discharge as a result of the increased power density and higher mean electron energy.
The increased drift of electrons against the electrodes as the gap decreases (see fig. 1 ) results in larger (and more energetic 6 ) electron fluxes. Since no dc current flows through the system, a commensurable increase in the positive ion flux as the gap decreases is expected. This is explicitly shown in Fig. 3(c) .
Beside neutral species and positively charged ions, anions can also be of interest for applications. For example, O 2 is an anion readily created in He+O 2 plasmas that plays an important role in oxidative stress responses in biology, 20 and therefore of interest in plasma medicine. Anions are primarily confined in the central electronegative core by the ambipolar field created in the plasma (see Fig. 1 ).
Nevertheless, some anions can manage to escape the discharge and indeed fluxes of negative ions have been detected in He+H 2 O atmospheric-pressure plasmas by means of mass spectrometry. 12 Interestingly, despite the decreasing electronegativity of the discharge as the gap is reduced (not shown explicitly), the anion flux to the electrodes increases (see Fig. 3(d) ). Due to the large collisionality of atmosphericpressure discharges and the confining ambipolar field only anions that have been created in the electrode vicinity during the sheath collapses may manage to escape. Therefore, in atmosphericpressure plasmas, the anion flux and the bulk anion density are not necessarily proportional to each other. It turns out that the enhanced electron drift to the electrodes observed in microdischarges results in the presence of a larger number of electrons near the electrodes. This higher number of electrons leads to increased attachment, which in turns results in higher anion density near the electrodes and enhanced flux during the sheath collapse.
In conclusion, microplasmas offer an interesting approach for the efficient generation of neutral and 
